Mining-induced earthquakes pose a risk to workers in deep mines
1. To learn more about earthquake preparation and triggering mechanisms by deploying arrays of sensitive sensors within rock volumes where mining is likely to induce seismic activity.
2. To learn more about earthquake rupture and rockburst damage phenomena by deploying robust strong ground motion sensors close to potential fault planes and within mining excavations.
3. To upgrade the South African surface national seismic network in the mining districts.
This paper is confined to the progress achieved during the first 18 months of the project. In this time only the instruments monitoring phenomena related to earthquake nucleation and rupture were installed.
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In-stope strong motion and closure monitoring ( The knowledge gained during the course of the project and the new infrastructure installed will contribute to efforts to improve seismic hazard assessment and mitigate the rockburst risk. The project draws on over a century of South African and Japanese research experience with respect to mining-related and tectonic earthquakes, respectively (e.g. Durrheim, 2010; Durrheim et al., 2010) . A significant amount of effort was required to adapt and apply Japanese technologies to the mining environment, notably:
• laboratory techniques to detect rock fracturing at the onset of rock mass instability
• exceptionally sensitive sensors that were originally developed to monitor natural earthquakes and crustal deformation.
The project is carried out under the auspices of an inter-governmental agreement between Japan and South Africa known as the Science and Technology Research Partnership for Sustainable Development (SATREPS) and forms part of the 'Countermeasures towards Global Issues through Science and Technology Research Partnership' led by the Japan Science and Technology Agency (JST), an external implementation agency of Japanese Ministry of Education, Science, Technology, Culture and Sports and in the scheme of Official Development Assistance of Japanese Ministry of Foreign Affairs implemented by the Japan International Cooperation Agency (JICA) (JST, 2011) . As at 30 January 2012, JICA had provided some 110 instruments with a total value of about US$ 700,000, and dispatched Japanese specialists 23 times who had spent a total of about 18 months in South Africa.
To our knowledge this is the most ambitious observational mine-seismology research project ever undertaken in terms of the number and range of sites and sensors (see Figure 1 and Table 1 ). In addition to the three main research sites, a few smaller projects are being carried out at a remnant pillar in an old longwall mining area and at a regional pillar. Data from these projects will be augmented with data from the mine-wide seismic network data and stress modelling in collaboration with the mine rock engineers. It is also planned to monitor ground motion in stopes and on the surface . This equipment will be installed in 2012.
Here we describe the generic procedures that were followed in establishing our underground research sites. Site-specific details are given in Section 3 of this paper. Researchers and mining company personnel, technicians and contractors associated with the activities are listed in the Acknowledgements.
• Selection of experimental sites at Moab-Khotsong, Ezulwini and Driefontein mines: In 2009 members of the project team met with geologists and mine planners to identify faults that are likely to become seismically active in 2012-2013. A lead time of at least two years was considered necessary to drill holes, install instruments, and gather background data. A suitable site must also have drilling stations (e.g. cubbies or tunnels that will not be used for several months) that are supplied with services (electricity, water, compressed air). Ideally the sites should be remote from noise sources (e.g. ventilation fans, heavy rail traffic). Underground visits were made to ensure that sites met these criteria, and to pinpoint the intersections of the potentially active fault with tunnels, cross-cuts and raises.
• Stress modelling: Numerical modelling was carried out to identify areas where significant mining-related seismicity is anticipated.
• Drilling of pilot holes to map faults: A program of exploratory drilling to delineate the fault zones that the mining faces will approach in 2012-2013 was initiated in 2010.
• Borehole core logging: The recovered core was logged, noting changes in lithology, jointing and faulting. Some sections of the core showed incipient or actual discing as a result of stress-induced fracturing. Sometimes the fault zone was difficult to detect, especially where the foot-and hangingwall rocks were indistinguishable or fault gouge was absent.
• Borehole surveying: The holes were first flushed to remove fragments of rock, then surveyed using a gyroscopic or an electromagnetic survey tool.
• Borehole imaging: The holes were photographed using a borehole camera. This was done to supplement the core logging, especially where core was lost, and to identify zones where the borehole was damaged (e.g. by breakouts) so that these sections could be avoided when installing instruments.
• Fault modelling: The borehole information was integrated with other geological information to construct a three dimensional model of the fault system.
• Experimental design: The layout of sensors was designed based on the fault model and the monitoring objectives (e.g. sensitive monitoring close to the potential rupture surface, strong motion monitoring of fault rupture).
• Borehole radar surveys: In some cases surveys were made prior to installing sensors to better image the strata and structures.
• Stress measurements: Stress measurements are vital in the evaluation of seismic hazard.
Overcoring and the analysis of borehole breakouts and core discing were carried out.
• Drilling of holes and installation of sensors: Boreholes were drilled according to the experimental design, logged, surveyed and various sensors installed. These included acoustic and electromagnetic emissions, strain, tilt, strong motion, etc.
• Calibration of stress modelling with in situ stress, strain and seismic data: Stress, strain and tilt measurements were used to improve the stress modelling. This exercise will be repeated once rock properties have been determined from drill core. The ultimate goal is to investigate how stress modelling can be used to better evaluate seismic hazard. The stress and strain measurements were also compared with seismic data recorded by the mine-wide seismic networks at the three experimental sites.
• Routine monitoring: Establishment of data recording, analysis and archiving procedures and site maintenance schedules.
Based upon their experience in South African gold mines since 1994 (e.g. Ogasawara et al., 2002 Ogasawara et al., , 2005 Ogasawara et al., , 2009a Ogasawara et al., , 2009b Nakatani et al., 2008) , the Japanese researchers reviewed installation and operating procedures for each instrument. These were adapted where possible to minimise effort and cost and maximise speed.
The efficient drilling of a large number of research boreholes subject to the procedures and drilling equipment commonly used in South African gold mines demands careful planning. In previous studies in South African mines (Ogasawara et al., 2002) it had been attempted to drill holes large enough to accommodate sensors designed for the bigger boreholes used in Japan, but had proven to be very difficult to drill non-standard holes. Consequently, the size of the instruments was reduced, where possible, to fit BX (60 mm diameter) holes. Only the tilt meters required larger non-standard holes. A total of eight dedicated crews were used to drill the boreholes at the three experimental sites. The 20-100 m holes were long enough to penetrate the fractured zone that surrounds highly-stressed tunnels. The first few metres of each hole were cased because this zone is invariably severely damaged by high stress concentrations. All holes, except those used for overcoring measurements, were down-holes for easy grouting. Grout comprised sieved cement and fine silica sand mixed with water in a specified ratio.
The boreholes were surveyed by a contractor, Digital Surveying, using electromagnetic or Gyrosmart tools. The locations of fault intersections and sensors were surveyed with accuracy better than 10 cm.
In the NELSAM project (e.g. Reches, 2006 ) conducted underground at Tau Tona Mine in 2006, a sophisticated borehole logging system was used, operated with a winch commonly used for larger diameter, longer holes drilled typically from surface (e.g. Lucier et al., 2009) . Although the images and logs were excellent, operational difficulties were experienced with drilling and transportation. For speedy scoping of a much larger number of holes, we used a portable system with a handy borehole camera (e.g. Shinwa T-WATER 1500C 20 mm diameter or Raax SC-200 38 mm diameter; Figure 2 ) with a palm-top video recorder (e.g. JXD990 with 10.9 cm screen, 150 g weight).
The Ishii strain meter is an exceptionally sensitive and stable instrument, capable of detecting subtle onsets of instability as small and slow as the earth tide (typically ~ 0.1 μ-strain or smaller in amplitude) that precede earthquake swarms in Japan (Ishii et al., 1997) . In South African gold mines, the Ishii strain meter has accommodated mining-induced rock mass deformation as large as 1000 μ-strain, delineating the entire cycle of loading and seismic stress relief as well as multiple subtle changes in strain indicating the onset of instability (e.g. Ogasawara et al., 2005 Ogasawara et al., , 2009b Naoi et al., 2006) . The original Ishii strain meter was designed for NXCU holes (92 mm dia.). A slimmer smaller instrument (42 mm diameter; Figure 3 ) was developed for South African mines by Techno Sugaya cc.
In the normal-faulting stress regime, as in South African gold mines, a 3-component instrument is installed in a sub-horizontal borehole orientated sub-parallel to the fault (Figure 3 ; Ogasawara et al., 2002) . Changes in shear and normal stress or ESS on the fault are derived from changes in the hole diameter. In a rock mass with a Young's modulus of 70 GPa, typical of the SATREPS research sites, the capacity and the detectability of stress change of the strainmeter in a uni-axial condition is 70 MPa and 0.0007 MPa (0.7kPa or 0.007 bar), respectively.
Aseismic slow events were detected at Bambanani and Mponeng mines by the Ishii strain meter (Naoi et al., 2006; Ogasawara et al., 2009b) . However, it was found that a broadband seismometer was more sensitive to the faster 'slow events' observed in the South African gold mines than the Ishii strain meter, so it was decided to install a few broadband instruments at the SATREPS sites as well.
GMuG acoustic emission (AE) systems (Gesellschaft für Materialprüfung und Geophysik, e.g. Manthei, 2005) have been installed at Ezulwini and Moab-Khotsong sites. The AE sensors are a new type that is coupled to the rock mass by grouting, enabling multiple sensors to be installed in a single hole. Consequently the SATREPS AE sensor arrays are much larger in extent and have much better 3D distribution than the Japanese-German Underground Acoustic Emission Research in South Africa (JAGUARS) site ). The sensing piezoelectric material is housed in a brass case of O.D. 40 mm. A 20 dB preamplifier, also in a brass housing, is positioned 20 cm behind the sensor housing. The preamplifier is connected to the sensor by a rubber hose to avoid acoustic coupling. Sampling is at 500 kHz with a 65 ms record length and 300 ms dead time after triggering. The grout-coupled sensor has much lower sensitivity above 40 kHz than the mechanically-coupled sensors used in the JAGUARS project. While this may be a disadvantage when studying the detailed rupture dynamics of very small events, it does not degrade the network's ability to detect and locate very small events as an earthquake with M w -4 has a corner frequency less than 20 kHz. The GMuG system also records the 25 kHz and 10 kHz triaxial accelerometers and antennae monitoring the electric field.
The installation procedures have been optimised through many experiments in Japan using a 6 m long transparent acrylic tube of 60 mm I.D. (i.e. BX hole). The grout mix consists of Ordinary Portland Cement, fine silica sand, water, an expansion agent (Gypcal), and an anti-separation agent (TF-1, TelniteCC). The anti-separation agent is necessary to avoid the formation of void space by the separated water at the high side of the shallow-plunge boreholes. Holes are inclined below the horizontal, enabling grout to be fed gravitationally through 23 mm PVC pipes. Experiments have found that the grout will not fill the entire diameter of the hole for more than a few meters ahead of the feeding point when the plunge is shallow. Hence, the feeding point of the PVC pipes must be set near the bottom of the borehole. Grout then must flow back upwards, breaking the viscous resistance of the grout in the borehole. Experiments and many actual installations have found that the limit for grout-feeding typical SATREPS boreholes having a plunge about -20° is about 13 m per shot. After the calculated amount of grout has been dispensed to the bottom, the PVC feeder pipe is taken out and the sensor is then pushed down to the target depth using a PVC installation rod. Additional sensors can be installed by repeating the procedure a day or more later, once the grout has solidified.
It has been established in laboratory rock fracturing experiments that a change in seismic-wave velocity can be an indicator of a change in crack density or stress, and that the velocity decreases as differential stress increases (e.g. Lockner et al., 1977; Yukutake, 1989; Yoshimitsu et al., 2009 ). In addition, the seismic attenuation parameter Q is found to decrease as differential stress increases . There have also been some underground attempts to monitor velocity change in larger scale (e.g. Yukutake et al., 1988; Sano et al., 1997) , successfully detecting tidal change. Changes in seismic velocity potentially associated with the onset of instability may also be detected by the seismological analysis of waveforms produced by multiplet earthquakes, ambient noise, or seismic coda waves (Brenguier et al., 2008; Chen et al., 2010; Sens-Schönfelder and Wegler, 2006) .
It is also reported that the amplitude of the wave transmitted through the fault decreases just before the fault slip (e.g. Chen et al., 1993) . At the Parkfield SAFOD drill site, Niu et al. (2008) deployed transmission lines at 1 km depth between the SAFOD holes, successfully detecting the velocity change potentially associated with M3 and M1 earthquakes. However this array was deployed away from the seismogenic volume (1 km and 5 km from the M1 and M3 sources, respectively) and only surface creep or GPS data were available for comparison. In a South African gold mine, Lynch (2010) detected velocity changes associated with blasting, but no rock mass deformation data were available for comparison.
One of the goals of this project is to determine whether any instability in the rock mass can be detected in seismic source volumes prior to M~2 seismic events. A transmitter-receiver array was deployed across a target fault at the Ezulwini site . The recorded waveforms for each accelerometer at Ezulwini Mine have remained identical from 19 April to 7 June 2011, which shows that the system is reliable.
The characteristics of fault slip-weakening are key parameters used in numerical simulations of the generation of large earthquakes or strong motion at the seismic source. However, it has been an unresolved question how much fault displacement is needed to relieve stress sufficiently. That has been because no one has had an opportunity to do such an experiment. Boats containing both 500 g 25 kHz accelerometers and quick-response high-capacity strain gauges ( Figure 4 ) were designed to monitor fault displacement and dynamic stress change during the rupture of an M2 seismic event. The dynamic response and directivity of the sensors were carefully checked in a 1 m 3 rock block. The boats were deployed near to a fault at the sites at Ezulwini and Driefontein mines (see 3.1 and 3.2).
Stress information is important for safe mining in earthquake-prone deep mines. However, stress measurements are seldom carried out in deep South African gold mines, even though several crews are actively drilling holes for geological exploration with small pneumatic machines. One of the reasons is that the drilling diameter required for overcoring is much larger than that used for routine geological drilling. Large diameter drilling is slower, and the logistics of handling larger and heavier machines is challenging, especially in working places with few mechanised aids. The introduction of larger drilling machines also requires time-consuming procedures and skilled foremen that significantly inflate the cost.
Overcoring techniques can be used to determine the 3-D stress tensor. The Compact Conical-ended Borehole Overcoring (CCBO) technique, endorsed by ISRM (Sugawara and Obara, 1999) , was originally designed for 75 mm diameter NX drilling. It was modified by Harumi Kato for overcoring in 60 mm BX holes (Ogasawara and Kato, 2012) . In January 2011, the modified method was tested at a depth of about 3 km at Moab-Khotsong Mine using regular drilling tools (a sequence of a normal BX bit, reamer and rod) but failed. In August and September 2011 stabilisers and thin BX bits were introduced and success was achieved. The series of procedures, which include shaping the conic-borehole-bottom, gluing a 16-element strain cell and overcoring, was completed in 2.5 hours. This modified method is suitable for stress measurements at depths of 10-15 m from tunnels, and could find wide application in the early stages of a geological exploration drilling programme.
Much of the rock mass response to mining is aseismic and is not recorded by acoustic emission sensors, accelerometers or geophones. We seek to monitor the whole spectrum of the rock mass response to mining. We wish to determine if there are any aseismic indicators of an imminent instability, and to quantify any changes in strain produced by seismic events. Aseismic deformation can be measured by strain and tilt meters. Ishii strain meters were installed within metres of the fault to measure local loading (see Section 2.2.4), while tilt meters were installed in holes tens of meters from the fault to measure rock mass deformation. Tilt monitoring is described by Milev et al. (2010) and Durrheim et al. (2010) . Large holes (117 mm) are required for the tilt meter.
Ground penetrating radar (GPR) is a high-resolution technique that reflects short radio pulses off targets that have different electrical properties to the host rock. GPR works best in resistive host rocks containing reflective target horizons. The CSIR Aardwolf 40 borehole radar system operates at a transmitter frequency of 40-50 MHz yielding a wavelength of 2 m, with the transmitter and receiver antennas co-located in a borehole tool (Van Schoor et al., 2006; Vogt and Van Schoor, 2010) . The quartzites of the Witwatersrand Table 1 ), where a package of gold reefs several tens of metres thick is being mined about 1 km below the surface. The pillar is offset by several strike-slip faults with significant vertical throws whose stability is a concern. The shaft is connected with many tunnels at multiple levels which expose the fault at numerous locations, enabling us to easily construct an initial 3D geological model of the fault system. The Zebra Fault was chosen as the potentially seismically-active fault (green plates in Figure 6 ), and a network of sensors was designed. Several tens of holes were drilled between February and December 2010, with a total length of about 1 km (Figures 6 and 7) .
Two strain meters (2.2.4; Figure 5 ) monitor loading. In order to detect fault instability, a broadband seismometer (2.2.4) was installed in addition to the two strain meters. A dense network of 27 AE sensors were deployed in 15 boreholes spread three-dimensionally in a 100 x 50 x 40 m 3 volume (Figure 6 ), recorded with GMuG system (2.2.5), to delineate the fine structure of faulting. Although much less sensitive than AE sensors, six triaxial accelerometers with much wider response frequency band (three 25 kHz sensors with +/-50 g capacity and three 10 kHz sensor with +/-15 g capacity) are installed to calibrate the AE sensors. A transmitter and three receivers are installed to construct a transmitted-wave fault monitoring system (2.2.6; Figure 7 ). Three sets of sensor boats ( Figure 4 ) were installed to monitor rupture front dynamic stress change (2.2.7). Strain changes associated with mining have already been observed, and the change in the shear stress acting on the fault has been computed. These results are reported to the rock engineering practitioners to support seismic hazard assessments and or stress modelling. Driefontein Gold Mine, located 70 km west of Johannesburg, has produced more than 100 million ounces of gold during its 50 year life, and still has resources exceeding 50 million ounces of gold. The SATREPS experimental site is located at a depth of about 3 km (Goldfields, 2011) . The Carbon Leader Reef is being mined with dip stabilising pillars. The Leeupoort Fault on Hlanganani Shaft was selected as a potentially seismically-active fault at a depth of about 3km. The Leeupoort Fault dips to the west-northwest at 73°. The original plan (Figure 8 ) was to drill 14 boreholes holes from 46 level between the 15 and 16 lines using a return air way and an unused workshop as the base.
As at January 2012, all drilling has been completed. Two pilot holes (green line in Figure 8 ) located the fault plane accurately to enable us to finalise rupture front monitoring array (2.2.7; purple lines in Figure 8 ). Three boats ( Figure 5 ) have been installed and the monitoring has been started in January 2012. As at December 2011, three strain meters (Figure 3 ; 2.2.4) had been installed (one at the dip pillar shown in Figure 8 and additional two at another dip pillars and in the rupture front array, respectively). The monitoring of strain was started in December 2011. Tilt meters, in-stope closure meters and strong motion meters will be installed in 2012. Comparisons of stope strong motion and the strong motion at the seismic source will enable us to evaluate site amplification characteristics of the fractured rock mass. This will contribute to the design of safer support in stopes.
Moab-Khotsong is one of four mines near the towns of Klerksdorp and Orkney that comprise AngloGold Ashanti's Vaal River operations (Anglogold Ashanti, 2011) . The geology of the SATREPS site is characterised by multiple faults that intersect the reef, such as the Cut-off Fault, and by the Die Hoek Fault that underlies the reef (Figures 9 and 10) , the instability of which are concerns. Boreholes with a total length of about 1 km were drilled. Targeting the Die Hoek Fault, an AE network is being established (Figure 10) . A GMuG 32-channel system will monitor a network of 24 AE sensors and two 25 kHz triaxial accelerometers covering a 160 x 100 x 50 m 3 volume. In the volume, a transmitted-wave fault monitoring system, a strain meter, two broad band seismometers and a tilt meter are also installed. To monitor instability on the Cut-off Fault, two strain meters and a tilt meter are installed in the holes drilled from the cubby J95L-1 (Figure 10 ). The installation has been hindered by severe damage to the boreholes. In many cases, severe breakouts occur for a good part of the length of the hole, not just the region near the collar, and loose rocks from the breakouts block the holes. In-stope closure meters and strong motion meters will be also installed in 2012.
Borehole radar has not previously proven successful in imaging the Vaal Reef owing to a small contrast in electrical properties between the ore body and country rock. However, it was decided to make use of the holes drilled at the SATREPS site to investigate whether any useful images could be obtained at the site. Observations were carried out in two 100 m long pilot boreholes in September 2011 using the CSIR Aardwolf40 borehole radar system. Reflections were obtained and are being analysed to establish whether they arise from bedding or the Die Hoek Fault, which is sub-parallel to the bedding. The new SATREPS project 'Observational studies to mitigate seismic risks in mines' is a project that aims to address important issues and provide the springboard for new levels of collaboration between Japanese and South African seismologists. It is anticipated that knowledge of earthquake nucleation, rupture and strong ground motion in the near-field will be gained that can be used to mitigate the risks of tectonic earthquakes in Japan. The knowledge will be directly applicable to mining in deep and highly stress conditions. For example, it may be used to upgrade seismic hazard assessment schemes in mines and on the surface, and improve mining layouts and support systems. In addition, the instrumental and human capacity in South Africa will be built.
